Introduction
[2] The nature of ocean-continent transitional lithosphere is complicated. Recent passive seismological investigations provide fruitful avenues of inexpensive research to begin interrogating the lithosphere. Measuring shear-wave splitting (SKS) images the orientation and degree of polarization of mantle fabrics, and constrain models for the formation of these fabrics, including the mantle beneath south central North America [Gao et al., 2008] . In spite of the robustness of SKS measurements, it is often not clear if anisotropy inferred from these measurements resides in the mantle lithosphere or asthenosphere [Fouch and Rondenay, 2006] . Here we are interested in understanding fabrics for mantle xenoliths from southern Texas, and use this information to understand shear-wave splitting for upper mantle beneath the northern margin of the Gulf of Mexico (GoM) (Figure 1) . A previous study documented significant shear wave splitting beneath this region, with fast directions parallel to the Texas GoM continental margin (Figure 1 ) [Gao et al., 2008] . They noted that SKS splitting reached an apparent maximum where the crust was thinnest and discussed the parallelism of the observed mantle anisotropy and the SE edge of the Laurentian cratonic keel.
[3] In this study, we present new SKS results and petrofabric data for spinel peridotite xenoliths from Knippa, Texas, and use these results illuminate the origin and significance of shear wave splitting beneath southern Laurentia (Figure 1 ). The seismic anisotropy resulting mainly from olivine crystallographic preferred orientations (CPO) tends to show a maximum seismic velocity parallel to the direction of plastic flow within the upper mantle [Nicolas and Christensen, 1987] . Assuming that shear-wave splitting reflects mineral CPO, we can use CPO measured in mantle xenoliths to better understand uppermost mantle structure beneath south central North America and the elastic coefficients of minerals to evaluate the delay time along ray paths.
Geological Setting
[4] A quarry near Knippa, Texas (Figure 1 ) exposes Late Cretaceous basanites containing upper mantle xenoliths. This is the only known mantle peridotite locality in Texas [Young and Lee, 2009] . Mantle xenoliths were carried up by Late Cretaceous (∼87 Ma) quite primitive nephelinites of the Balcones Igneous Province (BIP) [Griffin et al., 2010] . BIP volcanoes approximate the boundary between the ∼1.1-1.4 Ga southernmost Laurentian (Texas) craton and Jurassic age transitional lithosphere along the GoM margin. The transitional lithosphere also involves the deformed rocks of the Ouachita fold belt [Keller et al., 1989] .
[5] Knippa peridotites are spinel lherzolite and harzburgite (plus minor dunite) consisting of olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx) and spinel (Sp). Minerals have high Mg#: Ol (Fo 89-91.6 ), Opx ) and Cpx . Cr# (atomic Cr/(Cr+Al)) in Sp show moderate depletion, ranging from 0.14-0.21 for lherzolite to 0.25-0.36 for harzburgite, indicating that lherzolite experienced 5-9% melt depletion compared to 11-14% for harzburgite. Temperatures determined using the Ca in Opx thermometer [Brey and Kohler, 1990] range between 900 and 1000°C. Based on the ubiquitous presence of spinel and absence of garnet [Takahashi et al., 1993] , and temperature of equilibration, Knippa xenoliths come from the uppermost mantle, from depths of 40-70 km. These temperatures are high for a steady state geotherm, except for a lithosphere enriched in heat-producing elements (HPE) near the base of the lithosphere [Stein et al., 1993] . Alternatively, the temperatures may represent transient conditions associated with BIP magmatism. Young and Lee [2009] note that Knippa peridotites are enriched in fluid-mobile trace elements (e.g., La) relative to fluid-immobile trace elements (e.g., Nb). They inferred that such fractionation reflects subduction-related metasomatism of Laurentian lithospheric mantle due to ∼1 Ga plate convergence.
Microstructural and Fabric Analyses
[6] In this study, we selected eight peridotite xenoliths for detailed petrophysical analyses to evaluate the effect of olivine CPO on seismic-wave properties. The xenoliths are coarse-grained and equigranular, with grain boundaries that range from triple junctions to smoothly curving boundaries. The spinels are elongate, bleb-shaped and dark brown in plane-polarized light. Some spinels and Cpx show corroded rims. Olivine grains are large and commonly contain subgrain boundaries ( Figure 2a ). Serpentine veins occur in two peridotite xenoliths and cut olivine grains ( Figure 2a ). These serpentine veins are identified as lizardite by Raman spectroscopy at the University of Tokyo, Japan.
[7] To examine deformation conditions in more detail, we measured the CPOs of olivine grains from highly polished thin sections using a scanning electron microscope equipped with an electron backscatter diffraction system (EBSD), housed at the Center for Instrumental Analysis, Shizuoka University, Japan. We determined Ol, Opx and Cpx crystal orientations, and visually checked the computerized indexation of the diffraction pattern for each crystal orientation.
[8] The dominant slip system in olivine was determined from the orientations of the axes of subgrain rotation and CPO data [e.g., Nicolas and Poirier, 1976; Satsukawa and Michibayashi, 2009; Katayama et al., 2010] . We rotated the CPO data based on the orientations of the axes of subgrain rotation, such that the "foliation" became horizontal and the "lineation" became E-W (see Text S1 of the auxiliary material for details).
1 Subsequently, using data from the eight xenoliths, we calculated the average sample (1740, 533 and 282 measurements for Ol, Opx and Cpx, respectively), giving the same weight to each measurement, independently of the number of measurements in each xenoliths ( Figure 2b and Table 1 ). As a result, olivine CPO data show a-axis fiber patterns characterized by a strong (Table 1) obtained by the EBSD technique. CPOs are plotted on equal-area, lower hemisphere projections. Contours are multiples of the uniform distribution. N is the number of measurements. (c) Seismic properties of the average sample computed from single crystal elastic constants, crystal density, and the average CPOs of olivine. Contours are multiples of uniform density. Vp is 3D distribution of the P-wave velocity. Anisotropy is (Vpmax-Vpmin)/Vpmean. AVs (seismic anisotropy of S-waves) is 3D distribution of the polarization anisotropy of S-waves owing to S-wave splitting. Vs1 plane is polarization plane of the fast split S-wave (S1) as a function of the orientation of the incoming wave relative to the structural frame of the sample. Each small segment represents the trace of the polarization plane on the point at which S1 penetrates the hemisphere. 
Rock Seismic Properties
[9] We calculated the seismic properties of the peridotite xenoliths from single crystal elastic constants, crystal density, and the CPO of Ol, Opx, and Cpx, assuming different scenarios: either a composition of 100% Ol (for each sample as well as the mean), or the actual modal composition of the rock (dunite, lherzolite and harzburgite). The elastic constants and averaging scheme used in our calculations are same in the work of Michibayashi et al. [2009] .
[10] Figure 2c and Table 1 presents the seismic properties of the peridotite xenoliths. The maximum seismic anisotropy of S-waves varies between 5.09 and 8.26% for 100% olivine, whereas average samples vary between 4.35 and 6.12% along with variations of mineral composition (Table 1) . Polarization anisotropies of most samples have two maxima girdles on each side of a plane normal to the [100] maximum, whereas the minimum birefringence occurs for propagation directions close to the [100] maximum (Figure 2c ). The orientation of the polarization plane of the fastest S-wave systematically marks the orientation of the great circle that contains the maximum concentration of [100] (Figure 2b ). These anisotropic patterns are quite common globally, as previously reported [e.g., Mainprice et al., 2000] .
Seismic Data
[11] Five broadband, three-component seismographs were deployed between Junction and San Antonio, TX from February through August 2008 at an average spacing of 28 km (Table 2) [Pulliam et al., 2009] . The transect extended form the Laurentian craton to the edge of the craton and, possibly, onto the stretched and thinned transitional crust of the Texas Gulf Coastal Plain. Receiver function results for the same stations indicate crustal thickness of 32 km at GCP05 vs. 45 km at GC01 [Pulliam et al., 2009] .
[12] For each temporary station, as well as for the permanent ANSS station JCT, SKS splitting measurements were made for 22 deep-focus (h > 50 km) teleseismic events with magnitudes greater than 6.0 using the Matlab-based SplitLab software [Wüstefeld et al., 2008] . SplitLab simultaneously computes splitting parameters via three independent techniques: (a) the rotation-correlation method [e.g., Bowman and Ando, 1987] , which maximizes the crosscorrelation between the radial and transverse component of the SKS phase, (b) the minimum energy method [Silver and Chan, 1991] , which minimizes the energy on the transverse component, and (c) the minimum eigenvalue method [Silver and Chan, 1991] .
[13] For measurements to be accepted we required that results for both the minimum energy and rotation-correlation methods each display clear minima in their error surfaces and be consistent with each other, i.e., within 0.2 s of delay time and 20°with respect to fast polarization direction. On average, only five events satisfied these criteria for our stations during their seven-month deployment. Figure 1 shows averaged results for the best five events at each station, including the permanent station JCT, located near Junction, TX. Our results for Junction (Table 2) confirm the results reported previously by Gao et al. [2008] . Results from the five temporary stations show rapidly increasing delay times but only small changes in the fast polarization direction as one progresses from Junction toward the southeast.
Discussion and Conclusions
[14] The region that spans the northern GoM margin underwent two complete cycles of continental rifting (ca. 540 and 170 Ma) and collisional orogeny (ca. 1000 and N, number of measurements; J, J index; MD, maximum density; AS, average sample; D, dunite; H, harzburgite; L, lherzolite. The last three lines report the average sample. The average sample has been calculated from the sum of all measurements, giving the same weight to each measurement. a Delay times between the fast and slow polarization directions are indicated by dt; the orientation of the fast polarization direction, with respect to north, is indicated by F.
350 Ma) along the southern flank of Laurentia [e.g., Thomas, 2006] . These events include the late Mesoproterozoic Grenville orogeny, early Cambrian rifting and passive margin formation, late Paleozoic Ouachita orogeny during the final stages of assembly of Pangaea, and formation of the modern continental margin accompanied by brief seafloor spreading and oceanic crust formation during the Jurassic (ca. 165 Ma).
[15] The lithosphere that formed or was reworked during these tectonics events is preserved across a region that extends from the Grenville province of the craton [Anthony, 2005] to Jurassic oceanic crust in the GoM. The Moho beneath the Texas passive margin is approximately 40 km deep [Gao et al., 2008] . As described above, Knippa peridotites come from 40-70 km deep [Raye et al., 2009] . Therefore, we consider it likely that the Knippa peridotite xenoliths are derived from the uppermost mantle lithosphere. We note that the region is dominated by alternate episodes of extension and compression (Figure 1) . The associated mantle fabric could preserve some of this deformation, suggesting an important potential for tectonic inheritance and overprinting.
[16] The strong gradient in shear wave splitting observed along the traverse near Knippa implies a shallow, i.e. lithospheric, source for the anisotropy. One possible explanation invokes flow in the lithospheric mantle as a mechanism for aligning olivine fast axes: the Coastal Plain appears to have a crust that is on the order of 10 km thinner than the craton . This would allow a correspondingly thicker lithospheric mantle and, therefore, longer paths for SKS to accumulate splitting times, assuming flow channeled around the cratonic keel aligns crystals' a-axes effectively.
[17] Gao et al. [2008] argued that the magnitude of anisotropy must be 5.5-10% (Figure 3 ) in order to produce the observed 0.9 to 1.6 s splitting time, assuming that the lithosphere beneath the region is 70 km thick (Figure 1 ). Our measurements constrain the intrinsic anisotropy within the lithospheric mantle, although the original orientations of the peridotite xenoliths were lost during their volcanic transport to the surface [e.g., Michibayashi et al., 2009 ]. As noted above, the average Knippa peridotite shows 4.35 to 6.12% anisotropy depending on mineral compositions, whereas individual samples vary range from 5.09 to 8.26% in case of Ol 100% (Figure 3) . Consequently, the observed delay times are mostly explained by the seismic properties of the mantle lithosphere sampled by Knippa peridotite xenoliths.
[18] To explain the variation of splitting time near station JCT is complicated. The thickness (T) of an anisotropic layer is given by T = (100 dt<Vs>)/AVs, [e.g., Pera et al., 2003] . Accordingly, the observed delay time (0.5-1.5 s at JCT) can be explained by the seismic properties of our peridotite xenoliths for an approximately 50 to 150 km thickness. However, it is difficult to produce the observed variation in split times over lateral distances of a few tens of km with this explanation alone. For example, if we use the AVs of a highly deformed sample (sample number; 10 shown in Table 1 ), the long delay time (1.5 s) requires 85 km thickness. Therefore, a more likely candidate is deformation caused by collision between Laurentia and Gondwana during the late Paleozoic, which produced large amounts of deformation, including the folded Ouachita mountain chain. Varying amounts of deformation would produce corresponding variations in the alignment of olivine fast directions in the lithospheric mantle. Such deformation can both vary significantly over short distances and can vary in its effectiveness in aligning crystals. In the case of Oman ophiolites, major shear zones seem to have developed at the contact between a flowing asthenosphere (young) and a frozen lithospheric (old) wall, a thermal boundary inducing a characteristic asymmetry [Nicolas and Boudier, 2008] . Consequently, the long delay time can be explained by fabric variation, that is, peridotites beneath the transitional crust could preserve greater deformation from the Paleozoic Ouachita orogeny (young) rather than the lithosphere beneath the Mesoproterozoic craton (old). Overall, the Knippa peridotite xenoliths demonstrate the possible occurrence of an anisotropic layer in the uppermost mantle lithosphere that could be related to 'frozen' deformation associated with the alternate processes of extension and compression beneath the southern Laurentian margin. Table 1 .
